Coherently adding a signal's conjugate and third harmonic at the latter's wavelength enables phase quantisation across a large operating power range. With broadband phase noise, a 5.6 dB QPSK receiver sensitivity improvement is achieved with BER= 10 −4 .
Introduction
Given that two major benefits often cited in favour of all-optical signal processing over its electronic equivalent are decreased energy consumption and reduced system complexity, it is pertinent to seek out all-optical phase regenerating schemes which exhibit these particular qualities. For the specific case of 4-level phase quantisation (as applicable to QPSK -Quaternary Phase Shift Keying signals), phase sensitive amplifier (PSA) based schemes, often involve the coherent addition of conjugated 3 rd harmonic photons (and generally, for M-level quantisation, conjugated (M − 1) th harmonic photons) to the original signal [1, 2] or alternatively the decomposition of the QPSK signal into two BPSK signals which are then regenerated separately, before being coherently recombined [3, 4] . We propose and demonstrate a wavelength-converting, idler-free, phase quantising scheme which, as opposed to coherently adding harmonic photons to the signal channel, coherently adds conjugated signal photons to the harmonic channel. The use of separate wavelength to the original signal allows the capability to independently control their relative power weights, achieving phase squeezing over a variety of operating powers, potentially making it a particularly low power solution for phase regeneration whilst offering a compact, single nonlinear stage setup. We implement this system and analyse its regenerative performance in terms of its bit error ratio (BER) curves and constellation plots for a broadband phase noise loaded QPSK signal.
Concept
Many PSA based schemes for 4-level phase quantisation make use of two optical nonlinear processing stages [1, 2] ; the first consists of a degenerate, single pump FWM scheme to produce high-order harmonics, phase locked to the signal, of which the 3 rd is chosen to be mixed back into the signal through a second stage of FWM, as illustrated in Fig. 1-a) . A variant of this scheme (shown in Fig. 1-b) ), referred to as the idler-free scheme [5] , effectively combines these two stages into a single one by making use of two pumps with their power tuned so as to simultaneously produce the 3 rd phase harmonic and mix it back into the signal. Although this scheme is compact, using only a single stage, high pump powers must be used to produce enough harmonic and coherently add it back onto the signal, with the scheme only operating for very specific pump-signal power ratios.
The proposed wavelength-converting, idler-free scheme is illustrated in Fig. 1-c) . The setup is similar to the idlerfree scheme shown in Fig. 1 b) , but with the two pumps asymmetric in power. Instead of producing the 3 rd harmonic and coherently adding its conjugate to the original signal, phase conjugated photons of the signal are coherently added to the 3 rd phase harmonic. As a consequence, the regenerated signal is formed at the wavelength of the 3 rd phase harmonic and is phase conjugated. Although the two nonlinear processes (harmonic generation and coherent addition) occur simultaneously, their contributions to the output may now be controlled independently. Hence, for any specific signal and P1 power values it is possible to achieve, provided sufficient OSNR (optical signal to noise ratio), any level of phase squeezing, simply by properly adjusting the power of P2, potentially allowing lower pump powers to be used compared to the standard idler-free scheme. The system can either be followed by a wavelength converter to obtain output at the original signal wavelength or indeed used as a phase regenerating wavelength converter in its own right. A schematic of the experimental setup is given in Fig. 2 . A 192.5 THz (1557.36 nm) laser source is split into two paths, with one part being passed to the transmitter to produce a 10 Gbaud non-return-to-zero QPSK signal carrying two quadrature multiplexed PRBS15 datastreams and the other part being passed to the phase regenerator. After modulation, the signal is then passed through a phase modulator to have broadband phase noise applied to it, as well as a 70kHz sinusoidal dither, used for carrier phase tracking (discussed later).
Experimental Setup
In the phase regeneration section, the laser is passed through a sinusoidally driven Mach-Zehnder modulator (MZM) to produce an optical frequency comb with lines at 192.5 + 0.04n THz where n is the channel number, and is consistent with the labelling in Fig. 1 . The programmable filter is used to select out the required pump lines and control their power; as per Fig. 1-c) , we select Channel 1 (at 192.54 THz) to be P1 and Channel -3 (at 192.38 THz) to be P2.
The pumps are then combined with the signal using an optical coupler and amplified using an EDFA before being launched into the highly nonlinear fibre (HNLF). Fig. 2 provides spectra before (dotted green line) and after (dotted black line) the HNLF. An optical bandpass filter is then used to select out the regenerated signal, which is located at Channel -2 with centre frequency 192.42 THz. A coupler is used to separate a small portion of the signal out and the dither signal extracted electrically to operate the carrier tracking feedback loop, driving a fibre stretcher through which the pumps travelled before they were combined with the signal.
The receiver consists of a variable attenuator followed by an EDFA with fixed power output (to enable control of the signal OSNR), and an optical bandpass filter. Finally, the signal is coherently detected using an optical modulation analyser.
Results
As the characteristics of the system are highly dependent upon the relative powers of the pumps and the signal, the system's phase transfer and phase dependent gain profiles were measured for a range of pump and signal power combinations by operating the system on a CW signal, following the method described in [6] . Fig. 3-a) shows an example of the phase transfer and phase dependent gain profiles of the system for a total HNLF input power of 24 dBm, with the power of pump P1= 22 dBm, P2= 2 dBm and signal power equal to 20 dBm, resulting in a wavelength converted signal OSNR= 35 dB.
Using these power values, the system was assessed through constellation plots (given in Fig. 3-b) ) and BER curves (Fig. 3-c) ) for a range of phase noise levels. Without any additional noise, the constellation plots show that the regenerated signal (Fig. 3-b) , plot 2)) is slightly degraded compared to the unregenerated signal (Fig. 3-b), plot 1) ). This is confirmed by the BER curves for which the regenerated signal (open black triangles) suffers a power penalty of 0.5dB for a BER of 10 −4 , as compared to the unregenerated signal (open black circles); for a BER of 10 −3 , the system is operated without penalty.
With a signal phase error of 8
• root mean squared (rms), the constellation plots ( Fig. 3-b) , plots 3) and 4)) show a noticeable improvement from the use of the regenerator, with a reduction in phase error from 8
• rms down to 4.5
• rms.
The corresponding BER curves have been omitted for clarity, but show an improvement in receiver sensitivity of 1 dB using the regenerator. The final pair of constellation plots shown (Fig. 3-b) , plots 5) and 6)), are those corresponding to a pre-regeneration signal phase error of 12
• rms. Here, the phase error is quite substantial, but with regeneration, it is reduced to 5
• rms. The corresponding BER plots for this input noise level are shown in green in Fig. 3-c) , with the input signal plotted with open circles, and the regenerated signal plotted with open triangles. Here, there is a dramatic improvement from the use of the regenerator, with an improvement in receiver sensitivity of 5.6 dB for a BER of 10 −4 . 
Conclusion
We have proposed and demonstrated a wavelength converting idler-free phase quantiser, notable for its low power operation, compactness and flexibility in the choice of operating power. Using the system as a regenerator, BER measurements were taken for a broadband phase noise loaded QPSK signal, illustrating that, for an input signal with phase error equal to 12
• rms, the phase error can be reduced by half and receiver sensitivity can be decreased by 5.6dB for a BER of 10 −4 .
